I. INTRODUCTION
Ce-based alloys and compounds as a prototype examples of strongly correlated electron systems, have been intensively investigated since their discovery due to their exotic properties and fascinating physics. [1] [2] [3] The study of the anomalous physical properties close to the borderline between magnetically ordered and nonmagnetic ground states is of intense interest in contemporary condensed matter physics research. This point of instability achieved by non-thermal tuning parameters between two stable phases of matter is called the quantum critical point (QCP). 4 In the vicinity of the QCP usually nonFermi liquid (NFL) behavior or unsual superconductivity appears. There are several methods to tune a system to the QCP with manipulating a control parameter δ, most known are applying a hydrostatic pressure to the sample, using a strong magnetic field or a chemical substitution. The intense scientific work focused on the QCP was based on a few famous compounds and systems, such as CeCu 6−x Au x , 5-10 YbRh 2 Si 2 , 11-14 CeCoIn 5−x Sn x and the group of CeM In 5 (M = Ir, Rh, Ru) [15] [16] [17] [18] [19] [20] [21] and many others with different structures.
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Chemical composition change is a well known technique to tune physical properties of many strongly correlated systems. Recently we have searched for novel behavior in Ce-based systems with tetragonal bodycentered ThCr 2 Si 2 -type structure 24, 25 or with hexagonal CaCu 5 -type structure. [26] [27] [28] [29] Increased interest of the scientists is brought by the non-centrosymmetric structures, as it is common for them to exhibit superconductivity. 30 The tetragonal structure BaNiSn 3 (I4mm space group) forms in Ce-based 1-1-3 silicides, such as CeRhSi 3 , 31,32 CeIrSi 3 33 or CePtSi 3 34 and germanides, such as CeIrGe 3 35,36 or CeRhGe 3 . 35, 37 The aim of the present studies is to use the chemical substitution in order to provide a wide evidence of the QCP existence and anomalous behaviors around it in the antiferromagnetic CeCoGe 3 diluted with a paramagnetic CeFeGe 3 compound. CeCoGe 3 has three antiferromagnetic phase transitions at T N1 = 21 K, T N2 = 12 K, and T N3 = 8 K. [38] [39] [40] [41] [42] Moreover, it shows superconductivity under hydrostatic pressure. 43, 44 Adding a small amount of Si in the place of Ge leads to even a more complex magnetic structures. [45] [46] [47] CeFeGe 3 is a paramagnet with a high Kondo temperature (over 100 K) 48, 49 . Substituting cobalt with iron and creating the CeCo 1−x Fe x Ge 3 alloys series is expected to compensate magnetic ordering of CeCoGe 3 at QCP. It was previously reported that for x ∼ 0.6 a neighborhood of QCP can be attained.
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In this paper the magnetic susceptibility, specific heat, resistivity, magnetoresistance and thermoelectric power measurements have been carried out for series of samples with 0 ≤ x ≤ 1.
II. EXPERIMENTAL
Polycrystalline samples were prepared of the stoichiometric amounts of high purity elements of Ce (99.9%), Co (99.99%), and Ge (99.999%) and synthesized in the induction furnace in an argon atmosphere. Turning upsidedown and remelting several times was applied to ensure the homogeneity. The samples were also annealed in the Ta foil in quartz tubes at the temperature of 750
• C for 120 h. For transport measurements the samples were cut to proper dimensions and shape by diamond and wire saws. To verify the samples structure the X-ray diffraction (XRD) measurements were carried out in room temperature using D2 PHASER Bruker device. The data were refined using the FULLPROF program, which has shown and confirmed that all the studied compounds are isostructural, single phase, and crystallized in the desired tetragonal BaNiSn 3 -type structure. Further characterization of the samples was performed using the measure-ments options of the Quantum Design Physical Property Measurement System (QD-PPMS). The magnetic susceptibility was measured with usage of the VSM device in the temperature range 2 − 400 K with magnetic field B = 0.1 T and hysteresis loops were measured at 2 K with magnetic field up to 9 T. The specific heat data were collected by the adiabatic heat pulse method in the temperature range 1.9 − 295 K for zero magnetic field and with an applied magnetic field for the temperature range 1.9 − 25 K. To measure the temperature dependence of resistivity in the temperature range 1.9 − 300 K a four probe method was used. The magnetoresistance measurements were performed in the temperature range 2 − 30 K with magnetic field values up to 9 T. The thermoelectric power and the thermal conductivity studies were carried out with the thermal transport option (TTO) using a four probe mode.
III. EXPERIMENTAL RESULTS
To identify unambiguously the critical lines between various regions of the Doniach diagram of CeCo 1−x Fe x Ge 3 , we managed to extract the characteristic temperatures T * , employing different complementary methods like magnetic susceptibility, specific heat, electrical resistivity, magnetoresistance and thermoelectric power. In the following subsections the analysis of these results is presented and finally the magnetic phase diagram is constructed. Simultaneously, the manifestations of the non-Fermi liquid behavior have been searched in the neighborhood of QCP.
A. Magnetic properties
Low temperature magnetic susceptibility for all prepared samples is presented in Fig. 1 . Previously, it has been found that a single crystalline CeCoGe 3 shows three phase transitions, at T N1 = 21 K, T N2 = 12 K, and T N3 = 8 K, 39 whereas for polycrystalline compound T N3 has not been observed. 38 In Fig. 1(a) there is a clear transition at T N1 = 21 K and two inflections at T N2 = 12 K and T N3 = 8 K. Particular transitions are still visible for samples with x = 0.1, 0.3 and 0.4 with the transition at T N1 shifting progressively to lower temperatures. It is visible in Fig. 1(b) that for sample x = 0.1 the susceptibility values are roughly four times higher than for CeCoGe 3 and the peak of the susceptibility is significantly broadened with less visible transitions T N2 = 9 K and T N3 = 3 K. This behavior suggests an increased disorder for this level of doping and it is reproducible for another independently prepared sample with x = 0.1. Magnetic phase transitions at T N1 , T N2 and T N3 are present for x = 0.3 [ Fig. 1(c) ] with temperatures 11 K, 6 K and 2 K, respectively, whereas for x = 0.4 only a softening of the transitions at T N1 = 7 K and T N2 = 3 K can be detected. For samples 0.5 ≤ x ≤ 0.8 the phase transitions are not visible for the examined temperature range, indicating a paramagnetic behavior. Concerning the magnetic susceptibility values, in the entire range 0 ≤ x ≤ 1 they exhibit a general tendency of decreasing with the growing amount of the Fe addition. For samples with x up to 0.4 a split of the ZFC and FC curves is well developed. An exception are the alloys with x = 0.5, 0.6, and 0.7, which show almost no difference between ZFC and FC susceptibilities. This can be attributed to a wellordered crystal structure and the lack of magnetic phase transitions. This indicates that around x = 0.5 one can expect the system CeCo 1−x Fe x Ge 3 to exhibit the QCP. Figure 2 presents first quarter of the hysteresis loops at temperature of 2 K. The polycrystalline CeCoGe 3 performs a similar course as was previously measured and described for the single crystal case. 39 On the other hand, sample with x = 0.1 shows a ferromagnetic character of its hysteresis loop. For x = 0.3 this type of isothermal magnetization is also visible. Samples for x ≥ 0.4 present paramagnetic character with decreasing values of magnetization when growing the amount of Fe.
The fitting of the Curie-Weiss law to the inverse susceptibility was performed with the expression:
where N A −the Avogadros number, µ ef f −the effective magnetic moment, k B −the Boltzmann constant, and χ 0 −the temperature independent magnetic susceptibility. For all the samples the effective magnetic moment is around 2.5 µ B , which is comparable to the theoretical value of the free Ce 3+ ion (2.54 µ B ) and this is in agreement with the case of CeCoGe 3 38,39 and CeFeGe 3 ,
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where it was shown that the contribution of the 3d elements to the magnetic moment is negligible. The paramagnetic Curie temperature is negative for all samples, suggesting antiferromagnetic interactions. For x ≤ 0.4 θ p is around −60 K, which is in agreement with values reported for the polycrystalline sample of CeCoGe 3 ,
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therefore it suggests an antiferromagnetic order for x ≤ 0.4. For x = 0.5, θ p jumps to almost −100 K, which we ascribe to the appearance of the Kondo interactions. With further increase of the Fe content, the paramagnetic Curie temperature changes to about −140 K. The magnetic susceptibility is also a useful tool to indicate if NFL exists in the system studied. In the NFL area one usually observes a temperature dependence like
. 51 For the samples x = 0.5, 0.6 and 0.7 there is a noticeable increase of the magnetic susceptibility values with a decrease of temperature. Therefore, a square root dependence has been used to fit the data for the lowest temperatures. It provides a clear evidence that the NFL behavior may be present for samples with x = 0.5, 0.6, and 0.7, and therefore CeCo 1−x Fe x Ge 3 can be close to QCP for x ∼ 0.5.
B. Specific heat
All the studied samples follow the Dulong−Petit law, C p = 3N R, where N is the number of atoms per formula unit, and R is the gas constant. Low temperature 1.9 − 25 K dependences of the specific heat for 38,39 Magnetic field slightly moves the transition to lower temperatures [see inset of Fig. 4(a) ], which is known as a possible sign of the antiferromagnetic-type ordering. The sample with x = 0.1 shows a sharp phase transition with a large value of the maximum compared to the other samples. The increased amplitude is also visible in the case of the magnetic susceptibility Fig. 1(b) ]. A sharp peak in magnetic susceptibility for x = 0.1 can be also noticed in the case of the Medeiros results. 50 The peak in C p /T shifts slightly towards higher temperatures with the increase of the magnetic field [ Fig. 4(b) ] suggesting a ferromagnetic ordering. Similar influence of the magnetic field is observed for x = 0.3 and both x = 0.1 and x = 0.3 exhibit hysteresis of M (T ) in Fig. 2(a) also indicating a ferromagnetic ordering. Two phase transitions are present, T N1 = 11 K and T N2 = 3 K at 0 T, what is in good agreement with magnetic susceptibility results. These observations clearly indicate that incorporating Fe atoms to the primary AFM compound (at T N1 ) leads to a dramatic change of the magnetic interactions. Due to the disorder developed by the random occupation of the sites with Fe only the main transition at T N1 persists but the AFM order evolves probably to a weak noncollinearferrimagnetic order, that is why a small magnetic field is enough to rotate the magnetic moments to a parallel alignment. In consequence one observes a shift of the specific heat peak towards larger temperatures with the growing magnetic field.
Figure 4(e) shows the magnetic field dependence of C p /T vs T at low temperatures for x = 0.5. Below 10 K clearly a logarithmic growth is visible for B = 0 T. It can be ascribed to the NFL behavior. The application of a magnetic field over 5 T slightly spoils the logarithmic behavior, which is expected because magnetic field is known as a tool to control the system properties around QCP, therefore it can shift a system towards or away from the QCP. A similar C p /T ∼ −ln(T /T 0 ) growth has been observed for x = 0.6 and x = 0.7, therefore we conclude that for the substitution region 0.5 ≤ x ≤ 0.7 the CeCo 1−x Fe x Ge 3 series performs a NFL behavior driven by the QCP. It is very interesting to verify how the electronic specific heat coefficient γ changes with the Fe substitution x. Due to the peaks developed by the magnetic ordering for x ≤ 0.5 and the anomalous growth in the QCP region we analyse the behavior of two characteristic parameters γ and γ * , corresponding to a different temperature regions. The first one is derived from the standard low temperature limit of the Debye model:
The fitting procedure has been done for 25 K < T < 50 K, i.e. above the region of phase transitions. For a reasonable comparison this has been consequently kept for the paramagnetic samples. The other parameter, γ * , has been determined by extrapolation of C p /T to T = 0 in the region of the lowest temperatures. Especially, considering the existance of the QCP and NFL behavior for
where T 0 for f −electron system is identified as T K .
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The determined values for the three analysed samples are 10 K, 18 K, and 38 K for x = 0.5, 0.6 and 0.7, respectively. T K can be also calculated from the relation
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T K = 0.68R/γ * as well as using the paramagnetic Curie temperature T K = |θ p |/4.5.
53 A comparison of the evaluated values of T K is enabled by Table I . In general, the results are in good agreement with each other. T K rises linearly with the increase of the Fe content, meaning an enhancement of the Kondo interactions.
In Ce−based compounds the magnetic, transport and thermodynamic properties can be significantly affected by the excitations between the energy levels of the crystal electric field (CEF). Firstly, non-magnetic contribution of LaCoGe 3 and LaFeGe 3 has been subtracted with a proper linear combination of these two compounds for particular samples:
To estimate the scheme of the CEF energy levels, and especially its evolution with the change of the Fe content, the subtraction results have been analysed with the Schottky contribution to the specific heat:
(5) Samples with x ≥ 0.5 perform an increase of the magnetic specific heat at low temperatures, which is commonly assigned to a heavy fermion state. It can be described by the Schotte-Schotte formula 54 :
where Ψ ′ is the derivative of the Digamma function. By combining the Schottky and the Schotte-Schotte contributions to the specific heat the values of the CEF energy levels could be estimated. T 0 is of the order of the Kondo temperature; however, it can differ from other estimations due to the approximations of this model. The results are presented in Table I . It can be noticed in Table I that both excited levels do not change much for samples with x ≤ 0.5, while for x = 0.6 a clear decrease for ∆ 1 and ∆ 2 levels is observed with a further slight reduction for x > 0.6. The occurrence of this change is probably connected with a change of the dominating type of interactions, i.e. the enhancement of the Kondo interactions reflected in the increase of T K with the growing Fe content.
TABLE I. Values of TK obtained with various methods, γ, γ
* and the calculated CEF energy levels; TK1 denotes TK = 0.68R/γ * , TK2 denotes TK = |θp|/4.5. Table II . Large ρ 0 values in middle level of the Fe doping may indicate an increased disorder on the 3d site. However, the trend of increasing ρ 0 values towards the concentration of Fe with x = 0.5 − 0.6 can be also explained by the heavy fermions nature, which is connected with a neighborhood of the QCP. It can be noticed in Table I that γ * is enhanced in this concentration range. The effect of the increased ρ 0 is diminishing with the growing addition of Fe as the system is moving out of the vicinity of the QCP. Using reported previously results for LaCoGe 3 and LaFeGe, 3 38,49 the nonmagnetic contribution has been subtracted to obtain the magnetic part of the CeCo 1−x Fe x Ge 3 resistivities. The ρ(T ) dependences of the lanthanum-based samples were fitted with the Bloch-Grüneisen formula:
The magnetic part of resistivity of CeCo 1−x Fe x Ge 3 has been extracted from the following combination of the nonmagnetic reference compounds:
Magnetic part of the resistivity for series CeCo1−xFexGe3.
All samples exhibit a wide peak around 100 K being a result of the lower energy CEF excitation with a possible influence of the Kondo effect [ Fig. 5 ]. There is a visible shift of the peak towards higher temperatures for x > 0.6, which results from the growing Kondo temperature as well as the related coherence temperature.
Magnetic susceptibility and specific heat measurements delivered information on NFL behavior for samples with x = 0.5, 0.6 and 0.7. To verify it additionally by the resistivity investigations the power law function has been applied at the lowest temperatures for samples with x ≥ 0.5:
For NFL it is common that α < 2, whereas for the QCP neighborhood α ∼ 1. We find α = 0.90 and α = 1.03 for x equal to 0.5 and 0.6, respectively, which suggests the vicinity of the QCP similarly as it was reported previously. 50, 55 Values of the power parameter are increasing with the increase of the Fe concentration, reaching almost 2 for CeFeGe 3 .
D. Magnetoresistance
A complementary information on the system studied can be expected by studying the influence of the external magnetic field on the electrical resistivity. Therefore, we have measured the magnetoresistance (M R) according to the formula: M R = [ρ(H, T ) − ρ(0, T )]/ρ(0, T ). In Fig.  6 (a) M R curves for x = 0.1 show small values for the lowest temperatures (T = 2, 3, 4 K), as well as an interesting shape with decrease and upturn for higher magnetic field values. This behavior was reported 56 as characteristic for spin-glass state, as a competition between ferroand antiferromagnetic interactions, while small values are connected with spin-disorder scattering. With increase of the temperature the curves are forming known shape for ferromagnets. Those results are in good agreement with conclusions derived from previous sections of this work. For the lowest temperatures for x = 0.1 an anomaly is observed with negative sign of M R. We ascribe it to the impurity Kondo effect like in the case of the magnetic susceptibility and specific heat results. It is an expected behaviour as CeFeGe 3 is a Kondo system. Previously, we reported for samples x = 0.3, 0.4 and 0.6 55 that the two first of the mentioned samples show an antiferromagnetic character of M R below 10 K with Kondo-like behavior for 20 K and 30 K , whereas a radical change of the behavior was observed for x = 0.6, i.e. NFL type M R 57 appeared below 10 K followed by a metallic behavior for 20 K and 30 K. Here, as it is shown in Fig. 6(b) , the sample with x = 0.5 also presents NFL behavior of magnetoresistance with a close to linear magnetic field dependence, which suggests existence of QCP near this concentration. Sample x = 0.7 is similar to x = 0.5 but with the additional parabolic curvature.
E. Thermoelectric power
A unique, sensitive tool to characterize simultaneously the electrical and thermal transport properties is a measurement of the Seebeck coefficient S as a function of temperature. It can reveal features characteristic of CEF, Kondo lattice state, magnetic phase transition as well as NFL behavior. Figure 7 shows a common shape known for cerium compounds with a wide maximum around 80 K. For x < 0.6 maximum values of S change with slight tendency of increasing with the Fe content and reaching the highest value for x = 0.6, whereas addition of more Fe lowers the maximum values with exception of x = 1.0, which has similar values as the sample x = 0.6. To analyze the S(T ) dependences we have used the usual model assuming scattering of electrons from the wide conduction band into a narrow f −band approximated by a Lorentzian shape, 58, 59 i.e. the formula reads:
where the term S 0 (T ) = aT has been added to account for the usual diffusion contribution. E f and W f are the position and width of the f −band in Kelvins. Furthermore, it is assumed that E f = T K and W f = πT CEF /N f with T CEF being an overall CEF splitting and N f the orbital degeneracy 2J + 1. The derived values of the fitting parameters are compiled in Table II . T CEF values fall well in the range determined for ∆ 1 and ∆ 2 (see Table I ) in the specific heat studies, moreover, the changes with x keep a similar tendency.
Low temperatures S/T vs T (Fig.8 ) dependences are very similar to C p /T vs T curves for respective samples. For samples with x ≤ 0.4 there are anomalies connected with T N . On the other side of the system, for x ≥ 0.8, S/T keeps a constant value, which is known as typical of the Fermi liquid regime. The NFL behavior in the thermoelectric power is usually characterized by the relation TABLE II. Parameters extracted from the analysis of the resistivity and thermoelectric power results. S/T ∼ −ln(T /T 0 ). In the case of the CeCo 1−x Fe x Ge 3 system it is noticeable for the samples x = 0.5, 0.6, and 0.7. Considering possibilities of SDW QCP or Kondo breakdown QCP as reported by Kim, et al. 60 the signs of Néel temperature as well as similarity to specific heat results for x = 0.3 and 0.4 suggest the SDW scenario.
IV. DISCUSSION
In this section we will present a few conceptional theories for the whole phase diagram of the CeCo 1−x Fe x Ge 3 system, as well as interpret registered results of NFL behavior in terms of the QCP and the way how it is working in this system. 
A. Magnetism
As has been already noticed, the doping with Fe is critical for the magnetic structure of the parent CeCoGe 3 compound. The already well established antiferromagnetic ordering (including the secondary low temperature phase transitions) is disturbed by the impurity Fe atoms, probably by modification of the RKKY interaction between the Ce ions. Effectively, a non-collinear ferromagnetic type of ordering can be suspected for x ≥ 0.1. For x around 0.1 the Fe atoms cannot fill regularly all the unit cells. As in the primitive cell there are 5 atoms of 3d elements at position 2a (as illustrated schematically in Fig.9 ), the minimum doping needed to fill statically every cell is 20% Fe, hence the disorder and broadening of the magnetic transitions are especially enhanced. Nevertheless, the overall tendency is a reduction of the ordering temperature towards 0 K and lowering of the magnetic susceptibility (with except of x = 0.1) with the increase of the Fe content up to about x = 0.5. Considering that Fe has one electron less than Co and the density of electronic states at the Fermi level is lower (1.54/eV and 1.72/eV for Fe and Co, respectively), it obviously can weaken the RKKY interaction according to T RKKY ∼ J 2 N (E F ). For x > 0.5 a paramagnetic state stabilizes with a well-established Kondo temperature T K and the coherence temperature T coh . FIG. 9 . Schematic illustration of the magnetic moments arrangement for CeCo0.9Fe0.1Ge3 based on magnetic structure at 2 K described by Smidman et al. 42 Light blue arrows assign Ce magnetic moments reoriented due to local disorder provided by the Fe doping.
B. Non-Fermi liquid behavior and the quantum critical point NFL behavior has been registered for three samples: x = 0.5, 0.6 and 0.7 with every experimental method used in frames of this work: magnetic susceptibility performs −ln(T ) dependence similarly to C p /T and S/T results, low temperatures resistivity has shown linear temperature dependence and M R revealed sharp change of behaviour compared to lower additions of Fe. It is in good agreement with the Doniach diagram, which predicts that QCP should be around x ∼ 0.5 for the discussed series. A tentative phase diagram is displayed in Fig.10 . T * denotes the temperature of the transition to the magnetically ordered state and corresponds to the values determined from the magnetic susceptibility and specific heat measurements. For Fermi liquid region the coherence temperature 61 has been determined from the resistivity curves assuming that T coh is a threshold below which the dependence ρ(T ) ∼ T 2 starts to work. The extrapolation of T * in the phase diagram designates x c = 0.58 and 0.65 for the magnetic susceptibility and specific heat methods, respectively, which means that it is needed to adjust the δ parameter even further with magnetic field or pressure. Linear decrease of a phase transition, as it occurs in the discussed series, was firstly observed for CeCu 6−x Au x system. 7, 9 Similarly, results presented in this paper for thermodynamics do not follow the relations C/T ∼ 1 − BT 1/2 and ρ ∼ ρ 0 + AT 3/2 typical of the dimensionality d = 3 and dynamic exponent z = 2, therefore a scenerio of two-dimensional fluctuations 62,63 is a good possibility because it conserves C/T ∼ −ln(T /T 0 ) and ρ ∼ ρ 0 + aT , as it was confirmed previously. 9, 18 However, at the lowest temperatures it is possible to cross the system to the three-dimensional fluctuations, which can be detected with more subtle methods. 19 Assuming that in CeCo 1−x Fe x Ge 3 system this scenario is applicable, planes with magnetic ordering have to be existing. Considering crystal structure and neutron diffraction results, 42 magnetic moments are oriented in direction of the c axis and two planes perpendicular to the c axis are possible: those containing Ce atoms from the edges of the unit cell, or one in the middle of the cell. Taking in account positions of Co and Fe in the unit cell, the orientation of Ce magnetic moments is connected with the distribution of those elements in their positions. Interactions between these two 3d elements and Ce ions are different, which is documented with different magnetisms for CeCoGe 3 and CeFeGe 3 compounds. The interplay of these interactions at equal distribution of the 3d elements can lead to magnetic instability in both Ce planes. Therefore, QCP in the CeCo 1−x Fe x Ge 3 system is driven not only by the chemical pressure due to the substitution of 3d element of different radius, but the density of states at the Fermi level plays also an important role.
V. CONCLUSION
We have shown that the CeCo 1−x Fe x Ge 3 system provides a unique possibility to study interplay of magnetic order, Kondo scattering, local disorder, and electronic structure by a transformation between two isostructural compounds: antiferromagnetic CeCoGe 3 and paramagnetic heavy fermion CeFeGe 3 . The phase transitions observed for the polycrystalline sample agree perfectly with previous results for a single crystal. By progressive substitution of Fe in place of Co we have found that the magnetic order is critically sensitive to the Fe addition. Nevertheless, the ordering temperature behaves in a monotonic way decreasing down to a region governed by the non-Fermi liquid behavior, which we locate in the range 0.5 ≥ x ≥ 0.7. It implies that the quantum critical point exists within this substitution level. The NFL behavior has been corroborated by the observation of adequate power laws or logarithmic behaviors in low temperature dependences of the magnetic susceptibility, specific heat, electrical resistivity, magnetoresistance, and thermoelectric power. It should be emphasized that the transformation CeCoGe 3 −CeFeGe 3 is not just a chemical pressure, which mimics the real hydrostatic one but the electronic structure modification plays an important role (the transformation is not isoelectronic). It opens interesting area for further, being in progress, studies on the CeCo 1−x Fe x Ge 3 system.
